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Abstract 



The idea that local Lorentz invariance might be violated due to new physics 
that goes beyond the Standard Model of particle physics and Einstein's Gen- 
eral Relativity has received a great deal of interest in recent years. At the same 
time, new experiments have been designed and conducted that are able to test 
Lorentz symmetry at unprecedented levels. Much of this theoretical and ex- 
perimental progress has been driven by the development of the framework for 
investigating Lorentz violation known as the Standard Model Extension (SME). 
The SME is the lagrangian-based effective field theory that by definition con- 
tains all Lorentz-violating interaction terms that can be written as observer 
scalars involving particle fields in the Standard Model and gravitational fields 
in a generalized theory of gravity. This includes all terms that could arise from 
a process of spontaneous Lorentz violation as well as terms that explicitly break 
Lorentz symmetry. Li this article, an overview of the SME is presented, includ- 
ing its motivations and construction. A very useful minimal version of the SME 
in Minkowski spacetime that maintains gauge invariance and power-counting 
renormalizability is constructed as well. Data tables summarizing tests of local 
Lorentz invariance for the diff'erent particle sectors in the Standard Model and 
with gravity are maintained by Kostelecky's group at Indiana University. A 
partial survey of these tests, including some of the high-precision sensitivities 
they attain, is presented here. 



^Chapter to appear in The Springer Handbook of Spacetime, Springer- Ver lag, 2013. 
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1 Introduction 



The Standard Model (SM) of particle physics and the theory of General Relativity 
(GR) arc currently the best theories describing the four fundamental forces of nature: 
electromagnetism, the strong and weak nuclear forces, and gravity. There are no 
known experimental conflicts with predictions from either of these theories. Nonethe- 
less, they are fundamentally different in that the SM is a quantum theory, while GR 
is a classical geometrical theory. It remains an open issue as to how to merge or 
reconcile the SM and GR into a unified theory that presumably contains a quantum 
description for gravity. The relevant scale for a quantum theory of gravity is typically 
taken as the Planck scale, which is approximately 10^^ GeV. Promising candidates for 
a quantum theory of gravity include string theory and loop quantum gravity. These 
and other ideas for quantizing gravity can involve new features such as, for example, 
higher dimensions of space and time, brane-world scenarios, noncommutative geome- 
tries, and spacetime-varying fields or couplings. It is also possible that in merging 
GR into a quantum theory of gravity, the laws of relativity might not hold exactly at 
all energy scales. 

Searching for experimental evidence of a quantum theory of gravity is challenging 
because conducting experiments at the Planck scale is not possible. However, sup- 
pressed effects emerging from a more fundamental theory might be observable in 
highly-sensitive low-energy experiments or in interferometry experiments with ex- 
tremely long baselines. One candidate set of Planck-scale-suppressed signals is rel- 
ativity violations associated with small breakings of local Lorentz symmetry. It has 
been shown, for example, that mechanisms arising in the context of string theory and 
other quantum theories of gravity might lead to violation of Lorentz symmetry. It 
is for this reason that considerable interest in the possibility of Lorentz violation has 
emerged in recent years, and a number of new high-precision experimental tests of 
local Lorentz invariance have been performed. 

A key development in the investigation of Lorentz violation was the formulation of a 
comprehensive theoretical framework known as the Standard-Model Extension (SME) 
[1, 2, 3, 4, 5]. It contains both the SM and generalized theories of gravity (including 
GR) as well as all possible observer-independent Lorentz-violating interactions in- 
volving particle and gravitational fields. The SME has been used extensively to test 
for Lorentz violation in high-precision experiments. It also has theoretical features 
that are important for understanding the different types of processes that might lead 
to Lorentz violation. 
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In this overview, the focus is on using the SME to investigate the possibihty of Lorentz 
violation both theoretically and experimentally. An underlying assumption in using 
the SME is that at low energies (compared to the Planck scale) Lagrangian-based 
field theory gives what is currently the best description of elementary particles and 
their interactions. Therefore, if some new type of physics, such as Lorentz violation, 
goes beyond the SM and GR, then according to this assumption its leading-order 
corrections should be describable in the context of effective field theory. It is for this 
reason that the SME is suitable as a framework for investigating signals of Lorentz 
violation in experiments. However, in the search for a consistent quantum theory of 
gravity, it is also possible to consider ideas that fall outside the domain of Lagrangian- 
based field theory. These include ideas such as the breakdown of quantum mechanics, 
or where spacetime becomes discrete or noncontinuous at the quantum-gravity scale. 
Many of these ideas also lead to Lorentz violation. To the extent that they can be 
described at the level of effective field theory at low energies, then they should give 
rise to effects that are contained in the SME framework. However, if these alternative 
theories cannot be described using Lagrangian-based effective field theory, then it may 
not be possible to investigate their effects using the SME. In those cases, one would 
need to work within the context of the given model in order to investigate possible 
signals of Lorentz violation. 



2 Spacetime Symmetries in Relativity 

In special relativity, the equations of motion for particles and fields are invariant under 
Lorentz transformations. The Lorentz symmetry in this case is a global symmetry, 
with the transformations being the same at each point in the spacetime. The geometry 
of special relativity is that of a flat spacetime or Minkowski spacetime. In contrast, 
in GR, the effects of gravity are described by the curvature of spacetime, and the 
geometry is Riemannian. Lorentz symmetry still holds in GR, but only locally, e.g., in 
instantaneous infinitesimal inertial frames. In these local frames, called local Lorentz 
frames, the laws of special relativity are assumed to hold according to the equivalence 
principle. The symmetry in this case is local Lorentz invariance (LLI). 

Curved spacetime in GR is described by the metric tensor, g^i,, the Riemann cur- 
vature tensor, R'^Xfiw contractions, including the Ricci tensor, Rfj_u, and the 
curvature scalar R. These quantities appear in the Einstein field equations along with 
the energy- momentum tensor for the matter fields, Tj^ , which acts as the source of 
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the spacetime curvature. The Einstein equations are invariant under a set of space- 
time transformations (defined mathematicaUy in a later section) known as diffeo- 
morphisms, which consist of mappings of the curved spacetime manifold back onto 
itself. 

In particle physics described using special relativity, the matter fields often have addi- 
tional symmetries, such as internal gauge symmetry or discrete spacetime symmetries. 
The latter include parity, P, charge conjugation, C, and time reversal, T. In the SM 
of particle physics, many of these symmetries are broken either explicitly or through 
a process of spontaneous symmetry breaking. For example, spontaneous breaking of 
gauge symmetry is an essential feature of the Higgs mechanism in the electroweak 
model. In addition, all of the discrete symmetries C,P, and T are broken by the 
weak interactions, including the combination CP, which is broken in certain meson 
interactions. However, a theorem in particle physics, known as the CPT theorem, 
states that the combination of all three of the discrete spacetime symmetries, CPT, 
must hold for all local interactions of point-like particles in the context of quantum 
field theory [6, 7, 8, 9]. An essential assumption of the CPT theorem is that Lorcntz 
symmetry must hold. This is important in investigations of Lorentz violation because 
it implies that if Lorentz symmetry is broken, then CPT breaking could occur as well 
because the conditions for the theorem to hold would not apply. This opens up an- 
other avenue of investigation of Lorentz violation in that high-precision tests of CPT 
symmetry can be used as well to test for Lorentz violation. Another theorem in the 
context of quantum field theory strengthens this connection. It states that in realis- 
tic effective field theories, interactions that break CPT also break Lorentz symmetry 
[10]. Evidently, there is a strong link between CPT violation and Lorentz violation, 
and any experiment looking for CPT violation can also be viewed as a Lorentz test 
in the context of quantum field theory. 

The SM of particle physics can be be combined with GR to describe all four of the 
fundamental forces. This involves using a curved background with a metric g^i, to 
describe the physical spacetime in which the SM particles move and interact. The 
resulting theory is a hybrid theory in which the SM fields are quantum fields with local 
SU{3) X SU{2) X U{1) gauge symmetry. However, the metric field is not quantized, 
and the pure-gravity sector of the theory remains a classical theory. A classical 
Lagrangian can be written down for the full theory as a sum of a SM sector and a 
gravity sector, 

^ = ^SM + ^GR ■ (1) 
Derivatives of fields included in these expressions must be both gauge covariant and 
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gravitationally covariant. The latter involves introduction of a spacetime connection 
F'^^^. The classical action of the theory is then given by the integral 

S = J V^Cd^x, (2) 

where the factor involving the determinant of the metric, g, ensures that the spacetime 
volume element in the integral is covariant under general coordinate transformations. 
The Einstein field equations are obtained by variation of the action with respect to 
the metric. The SM fields appear in the Einstein equations by contributing to the 
energy- momentum tensor for the matter fields, . Both the action and the field 
equations are invariant under diffeomorphism transformations. 

In most particle-physics experiments, the gravitational interactions arc irrelevant. In 
this case, the contributions from £gr are dropped and the metric is set equal to the 
Minkowski metric, 7]^^. The theory can then be treated in the context of quantum 
field theory, where special relativity alone suffices. Without gravity, the relevant 
symmetries are global Lorentz symmetry and the local gauge symmetry of the SM, 
5^7(3) X SU{2) X f/(l). However, with gravity included, the relevant symmetries of 
the theory change. Lorentz symmetry becomes a local symmetry, and diffeomorphism 
symmetry becomes important as well. 

To observe the LLI of a theory in a curved spacetime, one approach is to make a 
coordinate transformation to a local Lorentz frame at each point in the spacetime 
manifold. In this way, the metric in the local coordinate system at each point reduces 
to 7)^1,, the connection vanishes, and locally the laws of special relativity apply. The 
choice of local Lorentz frame is not unique, however, since a Lorentz transformation 
at a given point leaves 77^1, unchanged. 

An alternative approach keeps the spacetime frame fixed with metric g^^, but also 
reveals the LLI at the same time. In this approach, four vector fields, e^°, with 
labels a = 0, 1,2,3 are introduced. They are called vierbein or tetrad fields. They 
relate tensor components in the space-time frame (labeled by Greek indices) to the 
corresponding components in a local Lorentz frame (labeled by Latin indices). For 
example, the metric obeys 

9nu = e^'^ej'rjab ■ (3) 

Since the metric is a symmetric field obeying g/^i, — gi,^, it has at most ten independent 
degrees of freedom. In contrast, the vierbein, e^, has a total of sixteen independent 
degrees of freedom. The six extra degrees of freedom are associated with the LLI. 
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There are several advantages to studying possible violations of LLI in a vierbein 
formalism. One is that fcrmions can more readily be introduced. In GR, parti- 
cles form tensor representations under the group of linear transformations associated 
with general coordinate transformations, and there are no representations for spin- 
half fermions. Thus, it is not possible to define Dirac gamma matrices or covariant 
derivatives of spinor fields in a spacetime manifold in GR. However, with a vierbein 
formalism it is possible to extend the usual definitions of these quantities in special 
relativity into curved spacetime. Another advantage of a vierbein formalism is that 
it allows the local Lorentz symmetry and diffeomorphism symmetry to be treated 
in a manner similar to local gauge symmetry in particle physics. However, to do 
this in a general way requires that an additional geometrical quantity called torsion 
be introduced into the theory. Geometrically, theories with torsion allow a twisting 
of coordinate axes as the axes are transported along a curve. This twisting cannot 
be described by the curvature tensor alone. The resulting geometry when torsion 
is included is called Riemann-Cartan geometry. (For reviews describing torsion and 
Riemann-Cartan geometry, see [11, 12]). For these reasons, many investigations of 
Lorentz violation use a vierbein formalism and work in a generalized geometry, such 
as Riemann-Cartan geometry. 

The use of a vierbein also involves introduction of a spin connection. It enters in 
covariant derivatives acting on local tensor components and plays the role of the 
gauge field for the Lorentz symmetry. In contrast, excitations of the metric field can be 
viewed as the gauge fields for the diffeomorphism symmetry. The relationship between 
the vierbein and spin connection is often a reflection of the type of spacetime geometry 
being considered. For example, in a Riemannian geometry (with no torsion), the spin 
connection is nondynamical and does not propagate. However, in a Riemann-Cartan 
geometry (with nonzero torsion), the spin connection must be treated as independent 
degrees of freedom that in principle can propagate. These different types of geometry 
can have effects on mechanisms that occur when Lorentz symmetry is violated. This 
is especially the case when Lorentz symmetry is spontaneously broken. 

2.1 Lorentz Transformations and Diffeomorphisms 

In special relativity, the Lorentz transformations consist of three rotations and three 
boosts. They are constant linear transformations that leave the Minkowski metric, 
77^1^, invariant. Mathematically, they can be implemented by contracting the ten- 
sors in a theory with a transformation matrix A In Cartesian coordinates, the 
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transformation matrix obeys, 

rj,, = A/A/r;«^ . (4) 

It is often useful to consider infinitesimal Lorentz transformations, which can be writ- 
ten as A^" ~ S^" + e^", where the six parameters, = generate infinitesimal 
rotations and boosts. Under an infinitesimal particle Lorentz transformation, a tensor 
rpXnu - transforms as. 

In a theory with LLI, the action describing the theory and the equations of motion 
are left unchanged when all of the tensor fields in the theory are transformed by 
infinitesimal Lorentz transformations. 

In the presence of gravity, the vierbein can be used to relate tensor components in 
a local Lorentz frame to the corresponding components in the space-time frame. A 
vierbein field appears for each tensor index. For example, for the tensor T^'^'^'", 

j^Amv... ^ . . . yafcc... ^ . . . _ ^g^) 

A local Lorentz transformation acts on the tensor components defined with respect to 
the local frame, e.g., T"''^'^'" . For a local infinitesimal transformation, the six Lorentz 

parameters are written as e^t. These depend on the spacetime coordinates at a given 
point. Under a local Lorentz transformation, the vierbein transforms as a vector, 

^ + e«,e/ . (7) 

Typically, in a gravitational theory with LLI, the six degrees of freedom associated 
with the local Lorentz symmetry are used to gauge away the six anti-symmetric 
components in the vierbein. The remaining ten components are symmetric and can 

be written in terms of field excitations h,°- — h"'„. For small excitations about a fiat 

p, p 

Minkowski background, the form of the vierbein can then be written as as 

e; = 5; + IV ■ (8) 

Substituting this into Eq. 3 yields the usual expression for the metric in terms of 
small excitations about a Minkowski background, g^j^i, — -q^^, -\- h^^. 
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Diffeomorphisms are mappings from one differentiable manifold to another. In GR, 
the mappings are from the spacetime manifold back to itself. Vectors and tensors 
transform in prescribed ways under diffeomorphisms, and diffeomorphism invariance 
in GR is the statement that the same physics is described by the spacetime manifold, 
metric, and matter fields both before and after a diffeomorphism is performed. 

As with local Lorentz symmetry, diffeomorphism symmetry can be Tised to eliminate 
additional degrees of freedom. Under infinitesimal diffeomorphism transformations, 
points on the space-time manifold are mapped to neighboring points x^^ + 
where the four parameters are spacetime dependent. Under infinitesimal diffeo- 
morphisms, the metric transforms as 

Qfii^ 9ixu - df,^y - d^Cn ■ (9) 

By gauge fixing the four diffeomorphism degrees of freedom, the metric can be reduced 
from ten down to six independent degrees of freedom. The excitations h^^ then have 
six degrees of freedom as well after gauge fixing. These represent the six possible 
excitation modes for gravitational radiation that can occur in a generalized theory of 
gravity. For the case of Einstein's GR, the kinetic terms in the action are chosen so 
that four of these degrees of freedom do not propagate as physical modes and instead 
are called auxihary modes. As a result, in Einstein's GR only two gravitational modes 
propagate, which are both massless transverse modes. 

2.2 Particle and Observer Transformations 

In investigations of possible Lorentz violation, it is important to distinguish between 
observer and ;?ariic/e transformations [2, 3]. Observer transformations are essentially 
changes of coordinate systems, where the tensors describing particles and fields in 
the system are left physically unchanged. Lorentz transformations that transform 
between different local or global inertial frames are examples of observer transforma- 
tions. Alternatively, Lorentz transformations can be performed directly on the tensor 
fields in a system, while leaving the observer frame (coordinate system) unchanged. 
When performed this way, the transformations are called particle transformations. 

Similarly, in GR, general coordinate transformations can be performed, which corre- 
spond to a change of observer frame. These are observer transformations, which leave 
the equations of motion covariant in form. In contrast, diffeomorphisms are particle 
transformations performed with respect to a fixed observer, or in a fixed coordinate 
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frame. The particles and fields of the system, including for example the metric, are 
transformed under diffeomorphisms in a prescribed way that leaves the equations of 
motion unchanged. 

It is common to hear observer and particle transformations referred to, respectively, as 
passive and active transformations. In theories without spacetime symmetry break- 
ing, these transformations arc essentially inverses of each other in terms of how they 
act on tensor quantities. However, when a symmetry is broken, this is no longer the 
case, and it is important to make a clearer distinction between these two types of 
transformations. 

It is reasonable to assert that a physical interaction should not depend on the choice 
of coordinates of a particular observer. As a result, any physical theory should be 
invariant under the relevant set of observer transformations for that theory. It is for 
this reason that observer transformations are not particularly meaningful as symmetry 
transformations. The physically important symmetry transformations are the particle 
transformations, which can be performed in a fixed arbitrary observer frame. 

Even in a theory with interactions that break a spacetime symmetry, the resulting 
physical description should still not depend on any particular observer or choice of 
coordinates. Thus, in theories with broken Lorentz symmetry, the Lagrangian and 
equations of motion should be unchanged when an observer Lorentz transformation is 
performed. However, with Lorentz- violating interactions, the particle transformations 
are no longer symmetries of the theory. In a given observer frame, the physics can 
therefore change when a particle or field is transformed under a particle Lorentz 
transformation. 

For example, consider a scattering experiment in special relativity. If Lorentz symme- 
try is violated, there may be preferred spatial orientations or speeds for the incoming 
and outgoing particles. As a result, particles scattered in different directions or with 
different speeds, with respect to a given observer, may behave differently. Nonethe- 
less, the theory remains fully observer- independent. If a different observer measures 
the same scattering events, the resulting physical effects will be unaffected. All that 
happens in an observer Lorentz transformation is that the same physical events are 
expressed with respect to a different Lorentz frame. 

According to this approach, when LLI is broken, it is only the particle Lorentz trans- 
formations that are broken. The theory remains Lorentz observer-independent at 
all times. Likewise, in an extension of GR that incorporates spacetime symmetry 
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breaking, the relevant transformations are particle local Lorentz transformations and 
diffeomorphisms. If either of these are broken, the theory should still be covariant 
under observer local Lorentz transformations and observer general coordinate trans- 
formations. 

2.3 Lorentz Violation 

Lorentz symmetry is fundamental in both the SM and in GR. It should therefore be 
tested as accurately as possible as a way of testing the validity of these theories. In 
addition, it has been shown in the context of quantum-gravity theories that small 
violations of Lorentz symmetry might occur. For example, in string field theory 
mechanisms can occur that might lead to spontaneous breaking of Lorentz symmetry 
[13, 14, 15, 16, 17, 18, 19]. Indeed, it was this idea that led to the development of 
the SME, which in turn has stimulated a variety of new experimental tests of LLI. 
(For reviews of various experimental and theoretical approaches to Lorentz and CPT 
violation see [20, 21, 22, 23]). 

In string field theory, a string state can be expanded as a sum of tensor- valued particle 
states, where the particle masses increase with the order of the tensor. String inter- 
actions provide couplings between the particle states. Spontaneous Lorentz violation 
can occur in this context when a string field theory has a nonperturbative vacuum 
that can lead to one or more of the tensor-valued fields, T, acquiring nonzero vac- 
uum expectation values or vevs, (T) ^ 0. When this occurs, the low-energy effective 
theory can contain terms of the form 

Lr.\{T)Vi,{idfx, (10) 
mp 

where k is an integer power, A is a coupling constant, F is a generalized Dirac matrix, 
mp is the Planck mass, and i\} and x ^'^'^ fermion fields. Note that the higher- 
dimensional {k > 0) derivative couplings are expected to be balanced by additional 
inverse factors of the Planck mass mp. 

In this expression, the tensor vev, (T), carries spacetime indices, which are not writ- 
ten out in this notation. This vev is effectively a set of background functions or 
constants that are fixed in a given observer frame. As tensor-valued backgrounds, 
these coefficients can have preferred directions in spacetime or velocity dependence. 
In other words, they induce Lorentz violation. A more general interaction term can 
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be defined by absorbing all of the couplings and inverse mass factors into the vev. 
The Lorentz- violating interactions then have the form 

£~iWrvi(ia)\, (11) 

where the coefficients t*-^-* carry spacetime indices and act as fixed Lorentz-violating 
background fields. In addition to interactions with fermions, additional terms involv- 
ing gauge-field couplings and gravitational interactions are possible as well. 

The SME is a generalization of these types of interactions to include all possible 
contractions of known SM and gravitational fields with fixed background coefficients 
t^'^^ [1, 2, 3, 4, 5]. This includes all arbitrary-dimension interaction terms inducing 
Lorentz violation in effective field theory. The coefficients for Lorentz violation, t^'^\ 
are examples of SME coefficients. They are assumed to be heavily suppressed, pre- 
sumably by inverse powers of the Planck mass. In fact, since no Lorentz violation has 
been observed in nature, it must be that these SME coefficients are small. 

By developing the SME in this generalized way, a framework that is particularly 
well suited for phenomenology results. In this approach, the Lorentz-violating SME 
coefficients are treated as quantities to be bounded in experiments. They can be 
thought of as vevs arising in a process of spontaneous Lorentz violation or simply as 
being due to explicit Lorentz violation from some unknown mechanism. 

The interactions in 10 can also be used to study other processes related to Lorentz 
and CPT violation. For example, terms of this form have been shown to induce a 
form of CPT- violating baryogenesis [24] . 

Another example of Lorentz violation comes from noncommutative field theory [25]. 
These are theories with noncommuting coordinates [x^, x'^] — iO'^'^ . It has been shown 
that this type of geometry can occur naturally in string theory and that it leads 
to Lorentz violation [26, 27, 28, 29, 30]. The fixed parameters 9^^ break Lorentz 
symmetry and act effectively as fixed background tensors. For example, in an effective 
field theory with a.U{l) gauge field in a noncommutative geometry, interaction terms 
of the form 

£~ iqe'^^F^^i^^D^.i/j (12) 

can arise. Here, Fa/s is the field strength, q is the charge, and D^j^ is a gauge-covariant 
derivative. As in Eq. (12) the interaction takes the form of a scalar- valued product of 
known particle fields, derivative operators, and a set of fixed background functions. 
It is straightforward to write these interactions in terms of SME couplings. 
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There are a number of other examples of theories with Lorentz violation that have 
been put forward in recent years. These include models with spacetime-varying fields, 
quantum gravity models, multiverses, and braneworld scenarios. See, for example, 
[31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43]. It is also possible to construct 
models with specific types of Lorentz violation. These include models that main- 
tain spatial rotational invariance while breaking only boost transformations, models 
with Lorentz-violating dispersion relations constructed using higher-order derivative 
interactions, and vector-tensor models in gravity that spontaneously break Lorentz 
symmetry. To the extent that these types of models can be described wholly or in part 
using Lagrangian-based effective field they, they can be investigated using the SME. 
However, some ideas for quantum-gravity theories contain new features that are not 
readily described in the context of effective field theory. Examples include ideas such 
as spacetimc foam, causal sets, and relative locality. See, for example, [44, 45, 46, 47]. 
In these types of models, many of the signals of Lorentz violation that arise are not 
suitable for investigation using the SME and instead must be studied in the context 
of the specific theory. 

A number of phenomenological frameworks involving certain kinds of Lorentz viola- 
tion have been used by experimentalists in the past. These include the Robertson- 
Mansouri-Sexl framework and the PPN formalism [48, 49, 50]. In some cases, these 
and other theories describe parameterized equations of motion or dispersion relations 
that do not originate from a scalar Lagrangian. However, to the extent that these 
models can be described by effective field theory defined by a scalar Lagrangian, they 
are compatible with the SME and direct links between their parameterizations and 
the SME coefficients can be obtained. Since CPT violation in field theory is associated 
with Lorentz violation, it follows as well that any observer-independent effective field 
theory describing CPT violation should also be contained within the SME. Since CPT 
can be tested to very high precision in experiments comparing matter and antimatter, 
this type of experiment is also ripe as a testing ground for Lorentz violation. 



3 Standard-Model Extension (SME) 

Currently, there is no consistent quantum theory of gravity that can be used in de- 
tailed examinations of the phenomenology of Lorentz violation at accessible energies. 
Nonetheless, progress can still be made using effective field theory. To be realistic, an 
effective field theory must contain the SM and a theory of gravity (such as OR), and it 
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must be compatible with observations. It must also maintain observer independence. 
The Standard-Model Extension (SME) is defined to be the most general effective field 
theory of this type incorporating arbitrary observer-independent Lorentz violation. 

The SME lagrangian by definition contains all observer-scalar terms that consist of 
products of SM and gravitational fields with each other as well as with additional 
couplings that introduce violations of Lorentz symmetry. In principle, there are an 
infinity of terms in the SME, including nonrenormalizable terms of arbitrary dimen- 
sion. Most of these terms are expected to be suppressed by large inverse powers of the 
Planck scale. The question of how to extract a useful finite subset of terms from the 
full SME to analyze a given experiment becomes relevant, and there are a number of 
different ways to proceed. Perhaps the most natural approach is to follow the direc- 
tion indicated by the experiments testing Lorentz violation. While these tend to be 
highly interdisciplinary, and include experiments in astrophysics, gravity, atomic, nu- 
clear, and particle physics, as well as laboratory experiments with macroscopic media 
and space-based tests, several primary divisions and classifications can be made. 

One important split is between experiments that can ignore the effects of gravity from 
those that cannot. For this reason, a distinction is made between limits of the SME 
that do not include gravity (where special relativity and global Lorentz invariance are 
paramount) from those where gravity is included (where Lorentz symmetry acts as a 
local symmetry in a curved spacetime). It is expected that the nongravitational limits 
of the SME will in general be subsets of larger SME hmits that include gravity. For 
example, if the curvature is set to zero and the metric is replaced by the Minkowski 
metric, an SME limit with gravity should reduce to a corresponding SME limit in 
which gravity is excluded. Starting from the ground up in constructing explicit limits 
of the SME, it is therefore natural to ignore gravity at first and then to generalize 
the resulting theories to incorporate gravity. 

In the absence of gravity, a second primary division between subsets of the SME can be 
made based on the types of SM fields and interactions (especially their dimensionality) 
that are included. Since the SM itself is a renormalizable and gauge-invariant theory, 
a first step in constructing a useful SME limit is to incorporate Lorentz violation 
while maintaining these features. This limit restricting the SME to power-counting 
renormalizable and gauge-invariant terms is called the minimal SME (mSME). An 
advantage of working with the mSME is that each particle sector has a finite in- 
dependent set of mSME coefficients that can be probed experimentally. Indeed, in 
recent years, experimentalists have adopted using bounds on mSME coefficients as 
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the primary means of reporting sensitivity of their experiments to Lorentz violation. 

Many of the low-energy experiments testing Lorentz violation involve only electro- 
magnetic interactions between charged particles and photons. For this reason, it is 
useful as well to define a minimal QED sector of the SME. In a field theory with 
charged fermions, the minimal QED lagrangian consists of the standard Dirac and 
Maxwell terms supplemented by Lorentz- violating terms that maintain U(l) gauge 
symmetry and power-counting renormalizability. 

If leading order effects are of primary interest, then SME limits at the level of rela- 
tivistic quantum mechanics can be constructed. This is particularly useful in investi- 
gations of low-energy atomic systems, where small corrections to atomic energy levels 
can result from Lorentz breaking at leading order. Experiments using particle traps, 
masers, and high-precision spectroscopy can then be analyzed in a straightforward 
manner using perturbation theory. 

On the other hand, if first-order effects can be ruled out in an experiment, it will 
be necessary to construct limits of the SME that include nonrenormalizable terms. 
In some scenarios for Lorentz violation, it might happen that Lorentz violation only 
stems from terms of dimension greater than four in the lagrangian. Alternatively, if 
the SME coefficients at leading order are known to have experimental bounds at levels 
suppressed by two powers of the Planck scale, then it becomes appropriate to look 
for signals of Lorentz violation at subleading order as well. For these reasons, limits 
of the SME that contain higher-dimension nonrenormalizable terms are of interest. 

In some experiments, particular types of particle behaviors play a major role in attain- 
ing sensitivity to Lorentz violation. Examples include spin-precession effects, inter- 
ference, or flavor-changing oscillations. In these situations it can be advantageous to 
build specific types of models out of subsets of the SME. Such models can then be used 
as frameworks for phenomenology. It is also useful to consider complementary tests 
of Lorentz violation when different experiments only have sensitivity to combinations 
of SME experiments. An example of this involves CPT tests. These experiments with 
particles and antiparticles are typically sensitive at leading order to combinations of 
the CPT-odd terms in the SME. At the same time, different experiments with the 
particles alone might have leading-order sensitivity to different combinations of both 
CPT-even and CPT-odd terms. However, by analyzing both sets of experiments in 
terms of SME coefficients in a complementary manner, it becomes possible to place 
more stringent bounds on individual types of Lorentz violation. 
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3.1 Constructing the SME 



The SME contains the SM, a gravity sector, and all possible observer-independent 
interactions of these conventional fields with fixed Lorentz-violating backgrounds, 
which are referred to as SME coefficients. As is typically done in field theory, the 
SME can be constructed in terms of a Lagrangian. The equations of motion are then 
obtained by variations of the action with respect to the fundamental fields in the 
theory. The SME Lagrangian has three primary sectors, including one for the SM, 
one for gravity, and a Lorentz-violating sector, 

-^SME = -^SM + -^GRAV + -^LV ■ (13) 

The full SME with gravity is defined using a vierbein formalism. This permits a 
natural distinction between the spacetime manifold and local Lorentz frames. 

The observer independence of the SME requires that all of the terms in the Lagrangian 
be observer scalars under both general coordinate transformations and local Lorentz 
transformations. This means that every spacetime index and every local Lorentz 
index must be fully contracted in the lagrangian. 

The SME is not invariant under particle diffeomorphisms and particle local Lorentz 
transformations. The four infinitesimal parameters comprise the diffeomorphism 
degrees of freedom, while the six infinitesimal parameters Cab — —^ba carry the six 
Lorentz degrees of freedom. In total, there arc ten relevant spacetime symmetries. 
Violation of these symmetries occurs when an interaction term in the Lagrangian con- 
tains SME coefficients that remain fixed under a particle local Lorentz transformation 
or diffeomorphism. 

3.2 Minimal SME 

Since the SM works remarkably well to describe nongravitational particle interactions 
at accessible energies, it makes sense initially to construct a minimal extension be- 
yond the SM that contains only those interactions for which experiments are likely to 
have the greatest sensitivity. These are the interactions that break LLI while main- 
taining all of the other desirable features of the SM, such as gauge invariance and 
renormalizability. The mSME is the restriction of the SME to these power-counting 
renormalizable and gauge-invariant terms in the absence of gravity. 
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The mSME Lagrangian can be separated into Lorentz-invariant and Lorentz- and 
CPT-violating parts: 

'CsME,min = -^SM + -^LV.min • (14) 

The Lorentz-invariant sector is identified with the usual Lagrangian for the minimal 
SM. The Lorentz-violating Lagrangian is the restriction to terms of mass dimension 
3 and 4 in C^m that maintain SU(3)xSU(2)xU(l) gauge symmetry. 

The first component, £sM) describes the usual interactions for the strong and elec- 
troweak interactions. The matter fields consist of three generations of quarks and 
leptons. These interact through exchange of gauge fields. A Higgs sector is needed 
to provide mass terms for the W and Z bosons in the weak interactions through the 
Higgs mechanism, and Yukawa couplings are needed to give the quarks and leptons 
mass terms as well. The Lagrangian £sm can be split into five parts corresponding 
to these different sectors: 

-^SM — -^lepton ~l~ -^quark ~l~ -^Yukawa 
-^gauge ■ 

(15) 

For illustration, the form of the terms for the lepton sector are given here: 

>Ciepton = La + \iRAY Ra ■ (16) 

In this notation, the left- and right-handed lepton multiplets are denoted as 

, Ra = {Ia)r, (17) 

The index A — 1,2,3 labels the three flavors, with Ia = {e,n,T) denoting the 
electron, muon, and tau particles, and ua — (fe, J^^, ^t) labeling the three corre- 
sponding neutrinos. The gauge-covariant derivative is denoted D^, and the notation 

Adfj_ B = Ad^B — {dfj_A)B is adopted. For the remaining terms in >Csm, see [2, 3]. 

The Lorentz- and CPT-violating part of the Lagrangian jCLV,min can also be written 
as a sum of terms distinguishing the contributions from the lepton, quark, Yukawa, 

Higgs, and gauge sectors. These partial lagrangians can be further separated into 
CPT-even and CPT-odd parts. Each of these terms consist of contractions of the SM 
fields with SME coefficients. 
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To illustrate for the lepton sector, the Lorentz- violating terms are: 

/^CPT— even 1„V^ ^ T TT^^ T 

^i{cR)^,ABRAY Rb , (18) 

Mepton = -[aLJuABl^AT^B 

-iaR)^,ABRAl''RB . (19) 

In these expressions, the SME coefficients have dimensions of mass, while c^^ are 
dimensionless and traceless. It is these quantities that act as fixed background fields 
under particle Lorentz transformations and induce the breaking of Lorentz symmetry. 



3.3 QED Extension 

The QED limit of the SME is useful for specific applications involving charged particle 
and photon interactions. It contains the leading-order Lorentz- and CPT-violating 
terms that maintain U(l) gauge invariance. For a single Dirac fermion ijj of mass 
m the lagrangian is >CQED,min = >Cfermion + >Cphoton- The fermion-sector piece can be 
written as 

>Cfermion = -^V^^'^ 'ijj - ^M^ , (20) 

where the gauge-covariant derivative is — 8^ + iqA^j^ and V and M are defined by 

+iri^ + i^^^'^'^AM , (21) 

M = m + a^Y + b^.l^Y + ^^'^V^, . (22) 

These equations contain the usual QED terms for a single fermion. The nonstan- 
dard terms violate Lorentz symmetry, and most have analogues in the minimal SME. 
However, the dimensionless coefficients e'^, f^, g'^'^^ have no analogue in the minimal 
SME because they are incompatible with SU(2)xU(l) symmetry. They are included 
in the minimal QED extension because they are compatible with U(l) invariance and 
could emerge from terms in the effective action involving the Higgs field. 
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The lagrangian in the photon sector is 

•^photon '^{}^f)k\^uF 

+l{kAFre^x,.A^F^'' . (23) 

For simphcity here, any total-derivative terms are neglected, as is a possible term of 
the form (/ca)k^'^- Some discussion of the latter can be found in Refs. [2, 3]. 

In these expressions, the terms with coefficients a^, 6^, e^, g\^u, and {kAF)n are 
odd under CPT, while those with H^j^^, c^,, d^i,, and {k}, )f,x^i, preserve CPT. All ten 
terms break Lorentz symmetry. Typically, experiments can have different sensitivities 
to different types of Lorentz violation and can involves different particle species. For 
this reason, superscript labels arc added to the SME coefficients in the fermion sector 
to denote the particle species. Lagrangian terms of the same form are expected to 
describe protons and neutrons in QED systems as well, but where the SME coefficients 
represent composites stemming from quark and gluon interactions. 



3.4 Extensions in Quantum Mechanics 

Many of the sharpest tests of Lorentz symmetry are conducted in high-precision par- 
ticle and atomic experiments. Typically, static electric and magnetic fields are used in 
these experiments to trap or control charged particles, while the frequencies of particle 
transitions between different energy levels are measured with exceptional sensitivity. 
The electric and magnetic fields can also be manipulated to allow switching between 
particles and antiparticles, thereby permitting tests of CPT. The leading-order shifts 
in the standard (Lorentz- and CPT-preserving) energy levels are due to the effects of 
the small quantities a^, b^, H^^, c^y, d^y, e^, f^, and gx^y. Lorentz violation stem- 
ming from couplings to the photon coefficients {kAF)ix and {kF)KXniy enters only at 
subleading order for these types of measurements. 

It is often sufficient in calculations describing these systems to work at the level of 
relativistic quantum mechanics using a modified Dirac equation. It is obeyed by 
a four- component spinor field ip describing a particle with charge q and mass m. 
Calculation of leading-order energy shifts can be carried out most readily within a 
perturbative framework. To do so requires extracting a suitable Dirac hamiltonian 
from the lagrangian. However, the appearance of time-derivative couplings in the 
modified Dirac equation means that the standard procedure for obtaining the Dirac 
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hamiltonian fails to produce a hermitian quantum-mechanical operator generating 
time translations on the wave function. This technical difficulty can be overcome 
by performing a field redefinition at the lagrangian level, chosen to eliminate the 
additional time derivatives. Rewriting the lagrangian in terms of the new field x does 
not affect the physics. However, the modified Dirac wave function corresponding to 
X does have conventional time evolution. 

The rewritten Dirac equation takes the form 

id,x = Hx , (24) 

with 

H^Ho + H^ert ■ (25) 

In this notation, Hq is a conventional Dirac hamiltonian representing a charged par- 
ticle in the absence of Lorentz- and CPT-violating perturbations. The perturbative 
hamiltonian Hp^n for the particle is linear in the SME coefficients. The static elec- 
tromagnetic fields enter in the perturbative treatment at leading order only through 
the dependence of the gauge-covariant derivatives on the background potential A^. 

In many experiments, energies are probed only at extremely low energy, where an 
expansion of the Hamiltonian in a nonrelativistic limit is appropriate. This can be 
implemented following a Foldy-Wouthuysen approach [51]. The resulting nonrel- 
ativistic perturbative hamiltonian can be written in terms of the three-momentum 
of the particle pj and the usual Pauli matrices obeying [cr-^, u'^] = 2iejkicrK The 
leading-order terms are 

-^nonrel — TTl -\- — 

2m 

+ ((ao) - mcoo) + 

+ {-bj + mdjo^ejkiHki)a^ 

+ [-aj + m{coj + Cjo)] ^ + • • • ■ (26) 

In nonrelativistic experiments with ordinary matter the primary sensitivity will be 
to particular combinations of SME coefficients appearing in these terms. Subleading 
contributions can be calculated from expectation values of the terms involving factors 
of Pj, where the momentum is treated as a quantum- mechanical operator. 

For experiments designed to test CPT, which involves measurements of both particles 
and antiparticles, the Dirac hamiltonian for the antiparticle must also be obtained. 
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Table 1: Transformation properties of dominant SME terms in the matter QED 
limit under the discrete symmetries C,P,T and their combiinations. 



This is accomplished using charge conjugation. The modified Dirac equation for the 
antiparticle differs from that of the particle by the sign of the charge q and in the 
sign of any SME coefficients that are odd under charge conjugation. See Table 1 for 
a list of transformation properties for some of the dominant terms in the QED limit 
of the mSME. 

All of the expressions in the quantum-mechanical limits depend explicitly on the 
spatial components j, k, I of the SME coefficients and on the components of various 
physical quantities, such as the the particle momenta and the potential A^. These 
components are defined with respect to a laboratory frame that must be chosen with 
a particular orientation. In laboratory frames fixed with respect to the surface of the 
Earth, the j — S (or z direction) is usually chosen as the relevant quantization axis, 
typically corresponding to the direction of a static magnetic field. Alternatively, if 
a rotation device is used on Earth's surface, such as a turntable, its orientation can 
be chosen as the j = 3 direction. In a moving lab, such as in a satellite orbiting 
the Earth, a standard configuration defines the j — S direction along the satellite 
velocity with respect to Earth, with the j — 1 direction pointing toward Earth and 
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the j — 2 direction completing the right-handed system. In certain situations, Earth- 
based experiments may choose to use a satelhte-based configuration as well, where 
the velocity of motion is due to the rotation of the Earth about its axis. The objective 
in this case is to take boost effects into account on the surface of the Earth as is done 
in satellite experiments. Ultimately, no matter which of these alignments is chosen 
for the lab frame directions labeled by j, the laboratory axes must be referenced 
to a nonrotating basis that can serve as a standard, since it is only with such a 
standard basis that comparisons across different experiments can be made. Bounds 
on components of SME coefficients in the lab frame must therefore be mapped into 
bounds on their components with respect to the standard reference frame. 

For the standard reference frame, there arc a number of different choices that could 
be made. Examples include reference frames attached to the centers of mass of 
the Earth, the Sun, the Milky Way galaxy, and the cosmic microwave background 
radiation (CMBR). With the exception of the Earth, each is approximately inertial 
over thousands of years. Typically in experiments, a Sun-centered celestial equatorial 
frame is chosen as the standard reference frame. It is used as the basis for reporting 
sensitivities to Lorentz violation. In certain limits, e.g., over short time scales where 
effects of boosts can be ignored, the spatial Sun-centered spatial components reduce 
to corresponding values in an Earth-based frame. Similarly, observer transformations 
from the Sun frame to a galaxy-based or CMBR-based frame can be made if bounds 
are desired with respect to these frames. 



3.5 Gravity Sector 



The gravity sector of the SME uses a vicrbcin formalism, which gives the theory a 
close parallel to gauge theory. Lorentz breaking occurs due to the presence of SME 
coefficients, which remain fixed under particle Lorentz transformations in a local 
frame. In this case, the SME coefficients carry Latin indices, e.g., ba for a vector, with 
respect to the local basis set. The conversion to spacetime coordinates is implemented 
by the vierbcin, giving, e.g., = e^%a- The lagrangian can then be written in 
terms of fields and SME coefficients defined on the spacetime manifold. A natural 
(though not required) assumption is that the SME coefficients are smooth functions 
over the manifold. It is not necessary to require that they be covariantly constant. In 
fact, defining covariantly constant tensors over a manifold places stringent topological 
constraints on the geometry. One simplifying assumption, which could occur naturally 
in the context of spontaneous Lorentz breaking, is to assume that the SME coefficients 
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are constants in the local frame. However, again, this is not a requirement in the 
formulation of the SME theory. 

To construct the minimal SME including gravity [5], the first step is to incorporate 
gravitational fields into the usual SM. This is done by rewriting all of the terms in 
the SM Lagrangian with fields and gamma matrices defined with respect to the local 
frame (using Latin indices). The vierbein is then used to convert these terms over 
to the spacetime manifold. Factors of the determinant of the vierbein e are included 
as well so that integration of the lagrangian density (giving the action) is covariant. 
Derivatives are understood as well to be both spacetime and gauge covariant. With 
these changes, Eq. (16), for example, becomes 

1 _ ^ 
>Ciepton = -^ee^„L^7" La 

+^iee\RAr 4 Ra . (27) 

The other terms for the quark, Yukawa, Higgs, and gauge sectors follow a similar 
pattern. 

The Lorentz- violating SME terms constructed from SM fields are obtained in a similar 
way. The various particle sectors can again be divided between CPT odd and even 
contributions. Each of the terms in the Lagrangian is then written using local indices 
and vierbeins, which convert the equations over to the spacetime manifold. As an 
example, Eq. (18) becomes 

1 ^ 

A^epton'^^'^ = -^iicLUAsee'^jAr D'^ Lb 

-\i{cR)^.ABee\~RAl'' D-" Rb . (28) 
The remaining equations follow the same pattern. 

The pure-gravity sector of the minimal SME consists of a Lorentz-invariant gravity 
sector and a Lorentz-violating sector. The Lorentz-invariant lagrangian consists of 
terms that are products of the gravitational fields. In the general case, this includes 
terms constructed from curvature, torsion, and covariant derivatives. Einstein's grav- 
ity (with or without a cosmological term) would be a special case in this sector. 

The Lorentz-violating lagrangian terms in the gravity sector of the minimal SME are 
constructed by combining the SME coefficients with gravitational field operators to 



23 



produce an observer scalar under local Lorentz transformations and general coordinate 
transformations. These consist of products of the vicrbcin, the spin connection, and 
their derivatives, but for simplicity they can be written in terms of the curvature, the 
torsion Tx^ui/, and covariant derivatives. A minimal case (up to dimension four) has 
the form: 

+e{kDTr^^''D,Tx^,. (29) 

The SME coefficients in this expression have the symmetries of the associated Lorentz- 
violating operators that they multiply. 

The Lorentz-violating sector introduces additional gravitational couplings that can 
have phenomenological consequences, including effects on cosmology, black holes, 
gravitational radiation, and post-Newtonian physics. As a starting point for a phe- 
nomenological investigation of the gravitational consequences of Lorentz violation, it 
is useful to write down the Riemannian limit of the minimal SME gravity sector. It 
is given as [5] 

Se,^,A = ^ / - u)R - 2eA 

+es^^R^^ + ee^^^R^x,u]. (30) 

The SME coefficient {kji)'^^^^^ has been expanded into coefficients s'*'', t'^^^^'^^ u that 
distinguish the effects involving the Riemann, Ricci, and scalar curvatures. The co- 
efficients s^'^ have the symmetries of the Ricci tensor, while t**-^^^ has those of the 
Riemann tensor. Taking tracelessness conditions into account, there are 19 indepen- 
dent components. 



3.6 Spontaneous Lorentz Violation 

There are a number of theoretical issues concerning Lorentz violation that can be 
examined using the SME. One concerns the nature of the symmetry breaking and 
how that affects the interpretation of the SME coefficients. These coefficients, e.g., 
hfj^, for the case of a vector, couple to SM and gravitational fields as fixed backgrounds. 
For the case of a single fermion field, -0, in special relativity, the coupling has the form. 
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b^ibj^j^tp. If this is the only term in the SME Lagrangian containing the coefficient 
b^, then the symmetry breaking is said to be exphcit. Essentially the coefficient 6^ 
appears in the effective field theory without any underlying dynamics. However, it 
is also possible for the SME coefficients to arise through a process of spontaneous 
symmetry breaking. In this case, the SME coefficients are interpreted as vacuum 
expectation values (or vevs) of a dynamical tensor field. For example, for a vector 
B^, the SME coefficient would arise as a vev, (B^) = bfj_. The vev acts as a fixed 
background field that spontaneously breaks Lorentz symmetry, but the vector i?^ 
remains fully dynamical. 

The process of spontaneous symmetry breaking is important in particle physics. For 
example, in the electroweak theory, the scalar Higgs field acquires a nonzero vev, 
{(p) 7^ 0, that spontaneously breaks the local SU{2) x U{1) gauge symmetry. For a 
scalar field, there is no associated breaking of Lorentz symmetry because the scalar 
vev is invariant under Lorentz transformations. However, the SME coefficients have 
tensor indices. When these occur as nonzero vevs, then Lorentz symmetry is said to 
be spontaneously broken. 

The standard construction of the SME does not make a distinction between whether 
the breaking of Lorentz symmetry is explicit or spontaneous. Both types of symmetry 
breaking can be accommodated, and both are useful to consider for phenomcnological 
investigations of Lorentz violation. However, when the gravitational sector of the 
SME is included, which brings more geometrical considerations into play, it becomes 
important to distinguish these types of symmetry breaking. 

For the case of exphcit Lorentz violation, it has been shown that inconsistencies arise 
between geometrical constraints (e.g., Bianchi identities) and conditions stemming 
from the equations of motion. This was proved by Kostelecky in a no-go theorem 
[5]. However, the no-go theorem is evaded if the symmetry breaking is spontaneous. 
The crux of the difference has to do with the fact that if the Lorentz breaking is 
spontaneous, then all of the SME coefficients have to be treated as dynamical fields 
in field variations. 

Because of this, it is often assumed that the SME coefficients are indeed vevs of 
dynamical fields that have undergone a process of spontaneous Lorentz breaking. 
Note, however, that if the vevs are associated with very high energy scales, then in 
low-energy tests of Lorentz violation, they will still act primarily as fixed background 
fields, and their dynamics at higher energies will not be relevant. It is for this reason 
that the form of the SME or mSME used by most experimentalists is the same as if 
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the symmetry breaking were explicit. For purposes of phenomenology, the distinction 
between explicit and spontaneous Lorcntz breaking is not crucial. For the case of 
explicit breaking, it may be that a different type of geometry is relevant, known as a 
Riemann-Finsler geometry. (For a review, see [52]). The SME with explicit breaking 
has been shown to be hnked to Riemann-Finsler geometry [53, 54]. 

It is certainly the case that spontaneous symmetry breaking is a very elegant form of 
symmetry breaking. This is because when a symmetry is spontaneously broken, the 
symmetry still holds dynamically. However, the vacuum solution for the theory does 
not obey the symmetry. What is often done is that a field redefinition is performed 
that resets the vacuum values to zero. In this case, in terms of the new set of fields, 
the symmetry becomes hidden at the level of the equations of motion. It is for this 
reason that spontaneous symmetry breaking is also referred to as hidden symmetry. 

From a theoretical point of view, there are well-known consequences when a symmetry 
is spontaneously broken. For example, when a global continuous symmetry is spon- 
taneously broken, it has been shown that massless fields, called Nambu-Goldstone 
(NG) fields appear [55, 56, 57]. On the other hand, if the symmetry is local, as in 
the case of the electroweak model, then a Higgs mechanism can occur [58, 59, 60]. 
In this case, the would-be NG modes get reinterpreted in a way that results in the 
gauge fields acquiring a mass. This is what happens in the electroweak model, and 
as a result the W and Z bosons are massive. However, an unbroken local U(l) gauge 
symmetry allows the photons to remain massless. At the same time, there are exci- 
tations of the Higgs scalar field that are also massive. This results in a massive Higgs 
boson, which has recently been detected at the Large-Hadron GoUider. 

An important theoretical issue to consider is whether these same types of processes can 
occur when it is Lorentz symmetry that is spontaneously broken. For the case where 
Lorentz symmetry is global, as in the context of special relativity, the Goldstone 
theorem would suggest that massless NG modes should appear. If so, they would 
appear as infinite-range particles and would have implications for phenomenology. 
The only known massless particles in the SM and GR (assuming neutrinos have 
mass) are the gauge fields, such as the photon, graviton, and gluons. Thus, it would 
seem that there are only two possibilities for the NG modes. Either the NG modes are 
known particles, such as photons or gravitons, or they are unknown fields that have 
escaped detection. However, if the Lorentz symmetry is local, as in a gravitational 
theory, then the question of whether a Higgs mechanism can occur becomes relevant. 
In this case, the possibility of massive gauge fields arises (massive photons or massive 
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gravity) , and the question of whether there are additional massive Higgs fields needs 
to be addressed as well. 

These types of questions have been investigated both in special relativity and in the 
context of gravity using models that are subsets of the SME. Interestingly, some of 
these investigations occurred before the process of spontaneous symmetry breaking 
was fully understood. For example, Dirac worked with a vector model that had 
a constraint that the norm of the vector be nonzero [61]. Nambu later showed 
that such a model spontaneously breaks Lorentz symmetry [62]. Bjorken found a 
similar model using a composite theory of fermions that collectively have a nonzero 
vector vev [63]. It was conjectured that in these types of models, the NG modes 
can be interpreted as photons. This raises the interesting possibility that photons 
are massless because they are the NG modes associated with spontaneous Lorentz 
breaking, whereas the conventional idea is that photons are massless because of local 
gauge invariance. 

In order to impose a constraint that a vector field has a nonzero vev, the usual 
process in field theory is to include a potential term that has a minimum when 
the vector field equals its vev. Theories with a vector field and a potential of this 
type that induces spontaneous Lorentz violation are known as bumblebee models 
[5, 15, 64, 65, 66, 67, 68, 69, 7L 70. 72. 73, 74. 75, 76]. A defining feature of these 
theories is that they do not have local U(l) gauge invariance. Thus, there is no 
possibility in these models for photons to arise because of local U(l) gauge symmetry. 
Recent investigations of bumblebee models have shown that all of the usual processes 
associated with spontaneous symmetry breaking can occur when the symmetry is 
Lorentz symmetry. First, however, it was found that there is a link between local 
Lorentz symmetry and diffeomorpliisms. In general, if one of these symmetries is 
spontaneously broken, then so is the other. For example, if a vector field has a vev 
ba in a local Lorentz frame, which spontaneously breaks LLl, then it will also have a 
vev in the spacetime frame, which spontaneously breaks diffeomorphisms. (Even 
for a scalar vev with spacetime dependence this is true, though in this case it is the 
derivatives of the scalar that spontaneously break the symmetries). What this means 
is that in the context of a gravitational theory with spontaneous Lorentz breaking 
there can be up to ten NG modes, six associated with Lorentz breaking, and four 
associated with diffeomorphism breaking. 

If these symmetries are treated analogously to local gauge symmetry using a vierbein 
formalism, then it is possible to show that the vierbein itself can accommodate all 



27 



ten NG modes when local Lorentz symmetry and diffeomorphisms are spontaneously 
broken. It is also possible to investigate whether a Higgs mechanism can occur and 
whether additional massive Higgs modes can appear. Interestingly, it is found that for 
a Higgs mechanism to occur the geometry cannot be Riemannian. This is because the 
gauge fields associated with the local Lorentz symmetry are the spin connection, and 
in order to have a dynamical spin connection, the theory must include torsion. The 
geometry must therefore be Riemann-Cartan if a Higgs mechanism is to occur. There 
can also be additional massive Higgs modes that can affect the propagation of metric 
excitations (or gravitational radiation). It is for this reason that theories of massive 
gravity often result from the process of spontaneous Lorentz violation. In all of these 
models, there are stringent conditions that must hold so that unphysical modes do not 
appear, such as negative energy states or tachyons. These constraints very severely 
limit the possibilities for making viable models with massive gravitational fields or 
massive propagating spin connection. 

A subset of the bumblebee models in which the kinetic term for the vector field has a 
Maxwell form, are known as Kostelecky-Samuel (KS) models [15]. For these models, 
it has been shown that in the limit where the massive Higgs modes becomes extremely 
massive, the solutions for the KS model match those of Einstein- Maxwell theory in 
a fixed gauge. Thus, the intriguing idea that photons might arise as NG modes in a 
theory with spontaneous Lorentz breaking still holds even when gravity is included. 

It is also possible to consider models with other types of tensor fields that acquire 
nonzero vacuum values. Some possibilities include theories with a symmetric two- 
tensor or alternatively an anti-symmetric two-tensor [77, 78, 79]. Just as with a 
vector, when Lorentz symmetry in these models is spontaneously broken, NG modes 
and massive modes can appear. It is useful to study these models to see what the 
various possibilities are for the NG and massive modes. One interesting case is that 
of a symmetric two-tensor in a Minkowski background. In this type of model, known 
as a cardinal model, the NG modes have properties similar to the graviton in GR, but 
in a fixed gauge. This again raises the intriguing question of whether known massless 
particles might occur as a result of Lorentz breaking. A related consideration is 
then whether there exist signatures of the Lorentz breaking that can distinguish KS 
and cardinal models from conventional physics. These types of phenomenological 
questions can then be suitably addressed in the context of the SME. 

In cosmology, models with spontaneous Lorentz violation have been used to study 
modifications of gravity that might give rise to effects such as accelerated expan- 
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sion of the universe or to introduce anisotropic features in the cosmic background 
radiation. Examples include [80, 81, 82, 83, 84, 85, 86]. In general, these models, 
which incorporate vector or tensor fields that spontaneously break Lorentz symme- 
try, are studied as possible alternative theories of dark energy. While these theories 
have a number of interesting effects and features, they do not typically give rise to 
high-precision observational constraints on LLI. For this reason, these models are not 
considered here, and the reader is referred to the literature. 



4 Experimental Tests of Lorentz Violation 

If Lorentz invariance is not an exact symmetry due to mechanisms occurring in the 
context of a quantum theory of gravity, then the relevant energy scale is presumably 
the Planck scale, since this is the scale where gravity meets up with quantum physics. 
At one time, it was thought unlikely that any physics arising from the Planck scale 
would be accessible to experimental detection. However, with Lorentz violation, the 
Planck scale is expected to enter as a suppression factor or inverse power in any cor- 
rections to conventional physics. Therefore, instead of needing to accelerate particles 
to ultra-high energies that are impossible to obtain, one can look at extremely high- 
precision experiments often at very low energies for signs of Planck-scale physics. In 
this approach, Lorentz breaking provides an ideal signal of new physics, since nothing 
in the SM permits violation of Einstein's theory. That is, no conventional process 
could ever mimic or cover up a genuine signal of Lorentz violation. 

The SME serves as a common framework used by experimentalists and theorists to 
search for signals of Lorentz and CPT violation. Planck-scale sensitivity has been 
attained to the dominant SME coefficients in a number of experiments involving 
different particle sectors. These include experiments with mesons, photons, electrons, 
protons, neutrons, muons, neutrinos, and the Higgs. Each particle sector has unique 
features, and the experimental methods for testing Lorentz and CPT violation can 
differ case by case. 

In some experiments, leading-order sensitivity to Lorentz and CPT violation exists for 
more than one particle species at the same time. This is particularly true in atomic 
experiments where bounds involving all three of the electron, proton, and neutron 
are often obtained. Likewise, mixtures of flavors in the meson and neutrino sectors 
can occur naturally. In these cases, the experimental bounds obtained are for combi- 



29 



nations of SME coefficients for the different particle sectors. It is tfierefore important 
to look for complementary sets of bounds obtained from different experiments that 
can be combined to select out an optimal set of bounds for the individual particle 
species. 

In a similar manner, experiments can have sensitivity to either both CPT-odd and 
CPT-even forms of Lorentz violation, or alternatively they can probe only the CPT- 
odd sector. Most bounds obtained typically involve combinations of both CPT-odd 
and CPT-even SME coefficients. However, experiments designed to test CPT switch 
between measurements on particles and similar measurements on the corresponding 
antiparticles. The bounds in this case are only on CPT-odd SME coefficients. For 
a given particle species, performing both types of experiments provides a natural 
complementary approach. 

Before looking at specific experiments, it is useful to examine some general features 
that are common to a number of different experiments. For example, in low-energy 
atomic tests, the sensitivity stems primarily from the ability of these experiments to 
detect extremely small anomalous energy shifts. In many cases, these energy shifts 
result in small frequency shifts that can be measured with very high precision. It 
is not uncommon for an atomic experiment to be able to measure a frequency shift 
with a precision of 1 mHz or less. Interpreting this as being due to an energy shift 
expressed in GeV, it corresponds to a sensitivity of approximately 4 x 10 GeV. 
Such a value is well within the range of energy one might associate with suppression 
factors originating from the Planck scale. While many of the original atomic exper- 
iments were designed to measure specific quantities, such as charge-to-mass ratios 
of particles and antiparticles or differences in g factors, it turns out that it is more 
effective for these experiments to investigate the lowest attainable energy levels for 
possible anomalous shifts associated with Lorentz violation. Many experiments look 
specifically for sidereal time variations of energy levels of a particle or atom as the 
Earth moves. These would result from interactions with the fixed Lorentz-violating 
background fields. Alternatively, experiments designed to test CPT can look for in- 
stantaneous differences in the energy levels of a particle (or atom) and its antiparticle 
(or antiatom). 

Another important general consideration is the choice of a standard inertial refer- 
ence frame [87]. Laboratory measurements of Lorentz and CPT symmetry involve 
components of SME coefficients defined with respect to a local laboratory coordinate 
system. These components labeled with indices {0, j} change as the lab frame moves 
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or rotates with respect to an inertial frame. In order to give measured bounds in 
a consistent manner, these laboratory bounds must be related to bounds on SME 
coefficients defined with respect to a standard inertial frame. The usual choice for 
this frame is a Sun-centered frame that uses celestial equatorial coordinates. Com- 
ponents with respect to the Sun-centered frame are denoted using upper-case letters 
J,K,L,. . . that run over four independent directions labeled as T,X,Y ,Z. The spa- 
tial origin of this system is the Sun's center, and the unit vector Z points along the 
Earth's rotation axis, while X and Y lie in the equatorial plane with X pointing 
towards the vernal equinox in the celestial sphere. The time T is measured by a sta- 
tionary clock at the origin, with T — Q taken as the vernal equinox in the year 2000. 
The Earth's orbital plane lies at an angle r] ~ 23° with respect to the XY plane. 

Earth-based experiments sensitive to sidereal time variations are sensitive to a combi- 
nation of coefficients, which are often denoted collectively using tildes. For example, 
for electrons, the combination of spatial components in the lab frame 

h^^^¥^-md],-\e,uHli, (31) 

arises frequently in a number of experiments. These combinations are projected onto 
the nonrotating frame, where the components are 63^1 ^yi etc. Nonrotating frame 
analogues of the coefficient combinations in 31 can be defined as 

6} = Wj - md% - IsjklH^kl, (32) 

where J, K, L label the spatial directions X, Y, Z in the nonrotating frame. Ignoring 
boost effects, the relation between the laboratory and nonrotating spatial components 
is 

h\ — bx cos X cos Qt 

+ by COS X sin Qt — 6| sin x, 
^2 = sin + by cos fit, 

^3 = sin X cos fit 

+ by sin xsin fit + bz cos X- (33) 

The angle x is between the j = 3 lab axis and the direction of the Earth's rotation 
axis along Z. The angular frequency fl ~ 27r/(23h56m) is that corresponding to a 
sidereal day. 
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4.1 Data Tables 



A wide range of particle sectors has been investigated for Lorentz and CPT violation. 
Many experiments achieve very high sensitivity to Lorentz violation and are able to 
place stringent bounds on the relevant SME coefficients. The results for these bounds 
are too extensive to list here. However, a comprehensive summary of Lorentz and 
CPT tests has been published by Kostelecky's group at Indiana University [88]. It is 
also updated annually on the physics archive. 

The data tables in Ref. [88] provide bounds on Lorentz violation for ordinary matter 
(electrons, protons, and neutrons), photons, mesons, muons, neutrinos, the Higgs, 
and gravity. Many tests compare particles and anti-particles. Low-energy tests in 
atomic physics include experiments in Penning traps, comparisons of atomic clocks 
and masers, experiments with atomic fountains, and experiments with antihydrogen 
at CERN. Photon tests have been performed using astrophysical and cosmological 
sources as well as resonant cavities in the microwave and optical regimes. Cosmic rays 
have been investigated for features associated with Lorentz violation. Experiments 
with mesons, muons, and neutrinos have used large accelerators at high energies. 
Experiments are planned or underway on the International Space station, in space 
sateUites, or using detectors at the south pole. Experiments with macroscopic torsion 
pendula take advantage of the alignment of large numbers of electron spins to provide 
bounds with extremely high sensitivity. To measure boost effects, some experiments 
collect data over long periods of time to enable the Earth's motion to be included. 
Other experiments use rotating platforms to gain sensitivity to a wider range of 
space-time directions. 

The extremely tight experimental bounds that have been obtained on the leading- 
order SME coefficients indicate that if Lorentz or CPT violation does occur in nature, 
it results in only very small corrections to the SM and GR at ordinary energies. Since 
an underlying fundamental theory that would permit calculation of these corrections 
is lacking, at best only order-of-magnitude estimates can be given for the leading- 
order SME coefficients. One possibility is that the leading-order Lorentz-violating 
terms in the SME are suppressed by at least one inverse power of the Planck scale. 
If a ratio is formed with a low-energy scale on the order of 1 GeV with the Planck 
scale, this results in a suppression factor on the order of 10~^^. Interestingly, many of 
the recent experiments that test Lorentz and CPT symmetry have sensitivities that 
are comparable to or exceed expected ordcr-of-magnitude values based on this sup- 
pression factor. For this reason, it is important as well to search for Lorentz violation 
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stemming from sub-leading-order terms that are not included in the mSME. A sys- 
tematic treatment of these higher-dimensional terms in the SME has been developed 
for certain particle sectors, and bounds on some of these coefficients are included in 
the data tables as well. 

4.2 Examples 

To highlight some of the Lorentz and CPT tests that have been performed a number 
of different experimental approaches are described here. In many cases, bounds on 
a selective subset of SME coefficients are given. For a full hst of experiments with 
pubhshed bounds on SME coefficients, the reader is referred to the data tables in [88] . 

•Penning Traps [89, 90, 91, 92, 93]: Experiments in Penning traps use electric and 
magnetic fields to isolate and study individual particles and antiparticles. There are 
two leading-order signals of Lorentz and CPT violation in the electron sector that 
have been probed in these experiments. One looks for sidereal time variations in the 
electron cyclotron and anomaly frequencies. The idea here is that the Lorentz and 
CPT-violating interactions depend on the orientation of the quantization axis in the 
laboratory frame, which changes as the Earth turns on its axis. As a result, both 
the cyclotron and anomaly frequencies have small corrections which cause them to 
exhibit sidereal time variations. Such a signal can be measured using just electrons. 
Measured bounds are expressed in terms of components in the nonrotating Sun- 
centered frame for the combination given in Eq. 32. Their numerical values are on 
the order of \bj\ < lO^^^GeV for J = X,Y. The second type of test in a Penning trap 
is a traditional CPT test that compares electrons and positrons directly. It looks for 
an instantaneous difference in their anomaly frequencies. Leading-order sensitivity 
in this case involves only the CPT-odd coefficient 6| (with no tilde), which is the 
component of 6^ along the quantization axis in the laboratory frame. The bound 
obtained for is on the order of 10~^^ GeV. 

• Torsion Pendulum [94, 95, 96, 97]: Experiments using a spin-polarized torsion pen- 
dulum are able to achieve very high sensitivity to Lorentz violation because the torsion 
pendulum has a huge number of aligned electron spins but a negligible magnetic field. 
For example, a pendulum at the University of Washington is built out of a stack of 
toroidal magnets, which has a net electron spin S ~ 10^^. The apparatus is suspended 
on a rotating turntable and the time variations of the twisting pendulum are mea- 
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sured. An analysis of this system shows that in addition to a signal having the period 
of the rotating turntable, the effects due to Lorentz and CPT violation also cause 
additional time variations with a sidereal period caused by the rotation of the Earth. 
Sensitivity to the electron coefficients has been obtained at the levels of |6j| < 10~^^ 
GeV for J — X,Y and \h%\ < 10~^° GeV. By analyzing data over the course of a 
year, taking the Earth's motion around the Sun into account, sensitivity to Lorentz- 
boost violating coefficients has been attained as well. This involves a suppression by 
?;/c ~ 10^^, where v is the velocity of the Earth around the Sun. The bound on the 
timelike combination of coefficients is 6^ <j 10~^^ GeV. 

• Clock-Comparison Tests [87, 98, 99, 100, 101, 102, 103, 105, 106, 107]: Many of 
the sharpest Lorentz bounds for the proton and neutron stem from atomic clock- 
comparison experiments. These involve making high-precision comparisons of atomic 
clock signals as the Earth rotates. The clock frequencies are typically hyperfine or 
Zeeman transitions. Experiments have used hydrogen masers and two-species noble- 
gas masers to achieve the highest sensitivities to Lorentz violation. For example, a 
recent experiment with a K-He"^ co-magnetometer obtained a bound in the neutron 
sector equal to < 10^'^^GeV for J = X^Y. Experiments with hydrogen masers 
attain exceptionally sharp sensitivity to Lorentz and CPT violation in the electron 
and proton sectors. These experiments use a double-resonance technique that does 
not depend on there being a field-independent point for the transition. The sensi- 
tivity for the proton attained in these experiments is < 10~^^ GeV. Due to the 
simplicity of hydrogen, this is an extremely clean bound and is one of the more strin- 
gent tests for the proton. Clock-comparison experiments performed in space would 
have several advantages over traditional ground-based experiments. For example, a 
clock-comparison experiment conducted aboard the International Space Station (ISS) 
would be in a laboratory frame that is both rotating and boosted. It would therefore 
immediately gain sensitivity to a wide range of SME coefficients that are currently 
untested [108, 109]. A European mission is planned for the ISS which will compare 
atomic clocks and H masers. 

•Antihydrogen [98, 110, 111]: The ALPHA and ATRAP experiments underway at 
CERN are designed to produce antihydrogen and to do high-precision spectroscopy 
on it. One objective is to make high-precision spectroscopic measurements of the 
1S-2S transitions in hydrogen and antihydrogen. These are forbidden (two-photon) 
transitions that have a relative linewidth of approximately 10"^^. The ultimate goal 
is to measure the line center of this transition to a part in 10^ yielding a frequency 
comparison between hydrogen and antihydrogen at a level of 10~^^. An alternative 
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to 1S-2S transitions is to consider the sensitivity to Lorcntz violation in ground-state 
Zeeman hyperfine transitions. It is found that there are leading-order corrections in 
these levels in both hydrogen and antihydrogen. Comparing these measurements for 
hydrogen and antihydrogen will provide a direct CPT test. 

•Photon Tests [112, 113, 114, 115, 116, 117, 118, 119, 120, 121, 122, 123, 124]: The 
relevant leading-order terms for the photon sector in the SME are the k^p and kp 
terms in Eq. (23). For the coefficient kAp, which is odd under CPT, it is found 
theoretically that this term leads to negative-energy contributions and is a potential 
source of instability in the theory unless it is set to zero [125]. In addition, very 
stringent experimental constraints that come from studying the polarization of radi- 
ation from distant radio galaxies also exist and are consistent with kAF ~ 0. The 
terms with coefficients kp are even under CPT and provide positive-energy contri- 
butions. There are 19 independent components in the kp coefficients. Ten of them 
lead to birefrigence of light. Bounds on these coefficients of order 10"^^ have been 
obtained from spectropolarimetry of light from distant galaxies. The remaining nine 
coefficients have been bounded in a series of laboratory photon experiments. These 
include experiments using optical and microwave cavities, an Ives-Stilwell experiment, 
and experiments using rotating platforms. Sensitivities ranging from 10~^ up to 10^^^ 
have been attained for these coefficients. 

• Cosmic Rays [126, 127, 128]: Cosmic rays provide the highest-energy particles avail- 
able experimentally and can be used to study LLI. In the presence of Lorentz violation, 
the maximal attainable velocity for a cosmic ray in vacuum can be different from the 
speed of light by a small amount. In principle, it can even exceed the speed of light. 
Effects of this difference inchidc the possibility of photon decay into electron-positron 
pairs or vacuum Cerenkov radiation by ultra-high-energy electrons, both of which 
are forbidden in the SM. Another effect is the prediction in the context of the SM 
and special relativity that an upper energy limit known as the Greisen - Zatsepin - 
Kuzmin, or GZK limit [129, 130], should hold for cosmic rays emitted from distant 
sources. This theoretical limit is set by interactions with the cosmic microwave back- 
ground radiation over long distances. However, in the presence of Lorentz violation, 
it is possible for high-energy cosmic rays from distant sources to exceed the GZK 
limit. This therefore provides an opportunity for testing LLI and obtaining bounds 
on the relevant SME coefficients. Recent experiments at the High Resolution Fly's 
Eye (HiRes) and Pierre Auger Observatory have searched for ultra-high-energy cos- 
mic rays above the GZK limit, and their results appear to confirm the existence of 
the GZK cutoff. 
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•Meson Tests [131, 132, 133, 134, 135, 136, 137]: Experiments involving neutral 

meson oscillations provide very sharp tests of Lorentz and CPT symmetry. These 
investigations attain high sensitivity to the CPT-odd coefficients in the SME for the 
K, D, Bd, and Bs meson systems. The time evolution of a meson and its antimeson 
can be described by an effective hamiltonian in a description based on the Schrodinger 
equation. The dominant Lorentz- and CPT-violating contributions to the effective 
hamiltonian can be calculated as expectation values of interaction terms in the SME. 
The results depend on the velocity of the meson with respect to the laboratory frame 
and the combinations of SME coefficients Aa^, which vary with sidereal time as the 
Earth rotates. Recent analyses have attained bounds on the order of 10~^^ GeV for 
neutral kaons, 10~^^ GeV in the D system, 10""^^ GeV for B^, oscillations, and 10~^^ 
GeV for Bg oscillations. 

• Muon Tests [138, 139, 140]: Lorentz and CPT tests with muons involve second- 
generation leptons and are independent of the tests involving electrons. Several dif- 
ferent types of experiments with muons have been conducted, including muonium 
experiments and g — 2 experiments with muons. In muonium, experiments measuring 
the frequencies of ground-state Zeeman hyperfine transitions in a strong magnetic 
field have the greatest sensitivity to Lorentz and CPT violation. A recent analysis 
has searched for sidereal time variations in these transitions. A bound on SME coeffi- 
cients, \bj\, has been obtained at a level of 10^^^ GeV. In relativistic g — 2 experiments 
using positive and negative muons bounds on Lorentz- violation SME coefficients have 
been obtained at a level of 10"^** GeV. 

• Collider Tests [141, 142, 143, 144]: High energy experiments at colliders provide 
opportunities for testing Lorentz and CPT violation in the QED and quark sectors. 
Sensitivity for Lorentz violation in cross sections and decay rates has been inves- 
tigated in electron-positron scattering. Effects include variations in observed cross 
sections with periodicities controlled by Earth's sidereal rotation frequency. In a re- 
cent experiment using the DO detector at the Fermilab Tevatron CoUider, a search for 
violation of Lorentz invariance in the top quark-antiquark production cross section 
was carried out, and bounds on SME coefficients for the top quark were obtained. 

•Neutrino Tests [145, 146, 147, 148, 149, 150, 151, 152, 153, 154, 155]: The experi- 
mental observation that neutrinos change flavor when they propagate through space 
cannot be explained by the SM. The conventional explanation for these neutrino os- 
cillations is that the particles have very small masses. However, at the same time, the 
high-precision sensitivity of neutrino oscillation experiments, stemming from their in- 
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terferomctric nature, offers possibilities for a range of new tests of LLI. The neutrino 
sector of the mSME contains Lorentz- violating interactions for left-handed neutrinos 
and right-handed antineutrinos. For the left-handed neutrinos, sensitivity at leading 
order is to the SME coefficients (a^)^ and {clY^ ■ The resulting signals include ones 
with the usual L/E dependence, where E is the energy and L is the oscillation length 
or baseline of the experiment. However, with Lorentz violation other dependences, 
such as ones with L or LE are possible as well. These lead to unique signatures 
of Lorentz violation that can occur in neutrino experiments. These include oscilla- 
tion, time of ffight, and threshold effects. For example, it has been shown that a 
Lorentz-violating seesaw mechanism can occur, which allows for oscillatory behavior 
even in the absence of mass. The coefficients for Lorentz violation can also couple to 
the four-momentum of the neutrino. In terrestrial experiments, the direction of the 
neutrino beam changes as the Earth rotates, which leads to sidereal time variations in 
the oscillation data when LLI is broken. The mSME has been applied to a number of 
neutrino experiments, including both short-baseline and long-baseline experiments. 
An extensive list of bounds on SME coefficients in the neutrino sector are given in 
the Data Tables [88]. For the coefficients [aiY, bounds at the level of 10~^° to 10~^^ 
GeV have been obtained, while for the {clY^ coefficients, the sensitivity ranges from 

10-1^ to 10-27. 

• Gravity Tests [156, 157, 158, 159, 160, 161, 162, 163]: Lorentz violation in the gravity 
sector stems from both matter-gravity couplings and pure-gravity couplings. In some 
cases, the matter-gravity couplings can lead to sensitivity to forms of Lorentz violation 
that would otherwise go undetected in the absence of gravity. The leading-order SME 
terms for both these sectors in a linearized gravity regime involve expectation values 
denoted as a^, c^i/ and s^i,. At leading order, matter-gravity tests are sensitive to 
and c^,y, while pure-gravity tests are sensitive to s^^. The matter-gravity tests 
include gravimeter, atom interferometry, and weak equivalence principle experiments. 
Bounds on have been obtained at levels of 10"^ to 10"^^ GeV and on c^y at the levels 
of 10"^ to 10"^. Tests sensitive to the pure-gravity couphngs include experiments 
with atom interferometers, torsion pendula, and lunar and satellite laser ranging 
experiments. Bounds on Sf^u coefficients at levels of 10^^ to 10^^ have been obtained. 
In addition to these gravity tests, highly sensitive tests attempting to detect spacetime 
torsion can be achieved by searching for its couplings to fermions [164]. Bounds on 
torsion components down to levels of 10~^^ GeV have been obtained in this way. 
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5 Summary and Conclusions 



Interest in the idea of Lorentz violation has steadily increased over the past two 
decades. This is due to theoretical advances showing that Lorentz breaking can pro- 
vide unique signals of Planck-scale physics and quantum-gravity effects as well as to 
experimental advances that have led to new high-precision tests of LLI. The develop- 
ment and use of the SME as the theoretical framework describing Lorentz violation in 
the context of field theory has led to a comprehensive and multi-disciplinary approach 
to testing LLI that spans most of the particle sectors in the SM. 

The underlying premise of the SME is that field theory and the SM are correct descrip- 
tions of particle interactions at low energies. Therefore, any indications of Lorentz 
violation should show up as small corrections in the context of effective field theory. 
The SME is constructed as the most general effective field theory that incorporates 
Lorentz violation. It contains all known particle fields and gravitational interactions 
as well as all observer-independent terms that break LLI. As an incremental first 
step, the minimal SME and its QED limit, which maintain gauge invariance and 
power-counting renormalizability, were constructed in the 1990s. These have been 
used extensively to search for leading-order signals of Lorentz and CPT violation. 
More recently, a systematic approach to constructing the nonminimal sectors of the 
SME have been worked out for certain particle species, and experimental bounds of 
these terms are being obtained as well [165, 166]. 

As a comprehensive theoretical framework, the SME allows for investigations of the- 
oretical issues related to the idea of Lorentz violation. Specifically, for the case of 
spontaneous Lorentz breaking, investigations of the fate of the Nambu-Goldstone 
modes and the possibility of Higgs masses and a Higgs mechanism have been carried 
out. It has been shown that spontaneous Lorentz violation is accompanied by sponta- 
neous diffeomorphism breaking, and up to 10 Nambu-Goldstone modes can appear in 
principle. These modes can comprise 10 of the 16 degrees of freedom of the vierbein, 
which in a Lorentz-invariant theory are gauge degrees of freedom. The fate of the 
Nambu-Goldstone modes is found to depend on the type of spacetime geometry in 
the underlying theory. At leading order in Minkowski and Riemann spacctimes, it is 
found that the Nambu-Goldstone modes can propagate like photons in a fixed axial 
gauge. However, in Riemann-Cartan spacetimes, the possibility exists that the spin 
connection can absorb the Nambu-Goldstone modes in a gravitational version of the 
Higgs mechanism. In addition, the potential inducing spontaneous Lorentz violation 
can provide mass terms for the metric excitations. These features create new possi- 
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Expt 


Sector 


Params {J ^ X,Y) 


Bound (GeV) 


Penning Trap 


electron 




10-24 


K-He dual maser 


neutron 




10-33 


H maser 


proton 




10-27 


Muonium 


muon 


b'j 


10-23 


Spin Pendulum 


electron 


b'j 


10-31 



Table 2: Summary of leading-order bounds for the coefficient hj. 



bilities for constructing models with spontaneous Lorentz violation in the context of 
massive gravity. 

The main application of the SME has been in phenomenological investigations of 
Lorentz and CPT symmetry. High precision tests have been performed in most of the 
primary particle sectors in the SM. These include experiments in QED and atomic 
systems, astrophysical tests, and laboratory tests at nuclear and particle facilities. 
The generality of the SME allows comparisons across different types of experiments 
involving the same particle species. These tests have greatly improved the sensitivity 
to which Lorentz and CPT symmetry is known to hold, though many particle sectors, 
particularly those beyond leading order, remain to be probed. As a comparison of 
some of the bounds obtained to date at leading order, a summary of some bounds on 
hj coefficients in the minimal SME is given in Table 2. These bounds are within the 
range of sensitivity associated with suppression factors arising from the Planck scale. 
A more complete set of tables for the full SME is published in the Indiana University 
data tables [88]. 
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